We assessed the genetic diversity of 26 Neisseria lactamica strains from epidemiologically related sources, i.e., groups of kindergartens and primary schools in three Bavarian towns, by the partial sequencing of the argF, rho, recA, and 16S ribosomal genes. We found a total of 17 genotypes, of which 12 were found only in one strain. The genotypes comprised 5 alleles of the argF gene, 9 of rho, 8 of recA, and 10 of the 16S ribosomal DNA. Sequence analysis by determination of homoplasy ratios and split decomposition analysis revealed abundant recombination within N. lactamica.
we analyzed the genetic variability of 26 N. lactamica strains isolated from epidemiologically defined kindergarten or school groups in three neighboring towns in Bavaria, Germany. For this purpose we determined genotypes (GT) by sequencing four genes (28) which are not under immune selection according to the philosophy of multilocus sequence typing used for N. meningitidis (23) . Furthermore, we tested recombination by homoplasy ratios and split decomposition analysis (16, 27) .
MATERIALS AND METHODS
Isolation and identification of N. lactamica strains. N. lactamica strains were collected within the context of the Bavarian meningococcal carriage study performed November 1999 through March 2000. The isolates were obtained from Bavarian children aged 3 to 11 years living in the towns of Munich, Augsburg, and Ingolstadt. This study was approved by the ethical committee of the Medical Faculty of the University of Würzburg. Pharyngeal swabs were taken from the back of the throat with cotton swabs and plated immediately on Martin-Lewis agar containing trimethoprim lactate, vancomycin, colistin, amphotericin B, and IsoVitaleX (kind gift from Becton Dickinson, Heidelberg, Germany). After overnight growth at 37°C in a 5% CO 2 atmosphere, colonies were screened with oxidase reagent (Heipha, Heidelberg, Germany). Oxidase-positive Neisseria colonies were tested for ␤-galactosidase and ␥-glutamyltransferase (GGT) activity. ␤-Galactosidase activity was tested using o-nitrophenyl-␤-D-galactopyranoside (ONPG) as the substrate. Bacteria were resuspended to a final optical density at 600 nm of 10 in an ONPG-containing solution (2 mM ONPG [AppliChem, Darmstadt, Germany], 113 M sodium dodecyl sulfate, 124 mM NaCl, 16 mM K-phosphate, pH 7). ONPG-positive strains were yellow after incubation at 37°C for 1 h. GGT activity was tested by incubation of bacteria for 8 h at 37°C in 1 mM L-glutamic acid-␥-3-carboxy-4-nitroanilide-NH 4 salt (Sigma-Aldrich, Schnelldorf, Germany). For both assays, N. lactamica reference strain DSM 4691 (German type culture collection, Braunschweig, Germany) and N. meningitidis strain MC58 (ET-5 complex, serogroup B; kindly provided by E. R. Moxon, Oxford, United Kingdom) were used as positive and negative controls, respectively. The diagnosis of N. lactamica for oxidase-positive, ONPG-positive, and GGT-negative strains was confirmed by use of API NH (BioMérieux, Marcy-1'Etoile, France).
PCR and sequence analysis. Oligonucleotides were purchased from ARK Scientific (Darmstadt, Germany). PCR was performed on a thermal cycler obtained from Biometra (Göttingen, Germany). Thermostable DNA polymerase (AmpliTaq) was purchased from Perkin-Elmer (Weiterstadt, Germany). As templates, heat-inactivated bacterial suspensions (optical density at 600 nm of 0.1) in phosphate-buffered saline were used. For genotyping according to the principles of multilocus sequence typing (23) [9, 33] ), were amplified by PCR using the primers shown in Table 1 . In the present report the term GT is used throughout, because it was not the aim of the study to set up a generally applicable sequence typing scheme for N. lactamica. recA, argF, rho, and 16S ribosomal DNA had been used in a recent publication studying recombination in the genus Neisseria (28) . Sufficient sequence information was available from this publication to be used for the design of conserved primers ( Table 1 ). The PCR conditions for argF (primers DA3 and DA4), rho (primers DA17 and DA18), and por (primers DA14 and DA9) were initial denaturation at 94°C for 10 min, followed by 36 cycles of annealing (56°C for 1 min), extension (72°C for 1 min), and denaturation (94°C for 1 min) and then 1 cycle of annealing (56°C for 1 min) and a final extension (72°C for 10 min). The PCR conditions for the amplification of the recA gene (primers DA1 and DA2) and the 16S ribosomal gene (primers 27f and 907r) were the same, except for the annealing temperatures, which were 62°C for the recA gene and 53°C for the 16S ribosomal DNA. For sequence analysis, PCR products were purified using the QIAquick PCR purification kit or the QIAquick gel extraction kit (Qiagen, Hilden, Germany). Automated DNA sequencing was performed on an Applied Biosystems (Foster City, Calif.) model 377 using the dye terminator cycle method with AmpliTaq. PCR primers were used for sequencing, except for the 16S ribosomal DNA, which was sequenced using primers 27f and 519r. All sequences were determined on both strands. Nucleotide sequence data were analyzed with the Lasergene sequence analysis software (DNASTAR, Madison, Wis.). Each distinct allele of a gene was assigned a number, and GT were defined according to the combination of allele numbers of the four housekeeping genes. The 16S ribosomal gene was further analyzed with the RIDOM database hosted by the server of the Institute of Hygiene and Microbiology (University of Würzburg; http://www.ridom.hygiene.uni-wuerzburg.de/index.html) (D. Harmsen, J. Rothganger, C. Singer, J. Albert, and M. Frosch, Letter, Lancet 353:291, 1999). The homplasy test (27) was performed using the program HOMOPLASY (30) . The sequence alignments were converted to NEXUS files using SFE, version 1.0.3 (K. Jolley; http://mlst.zoo.ox.ac.uk/links/SFE103.zip), and split decomposition was analyzed with SPLITSTREE, version 3.1 (16) . The tree produced by the unweighted pair group method with arithmetic averages (UPGMA) shown in 
RESULTS

Identification of N. lactamica strains.
During the course of a meningococcal carrier study in the south German federal state of Bavaria (inhabitants: 12,155,000; area: 70,548 km 2 ), 287 GGT-negative, ONPG-positive Neisseria isolates collected from Martin-Lewis agar plates were identified as N. lactamica by biochemical testing using a commercial kit. For the analysis of the genetic diversity of N. lactamica within defined social groups, we selected 40 strains, which were isolated from kindergarten and school groups located in the neighboring towns of Munich, Ingolstadt, and Augsburg. To further confirm the identification as N. lactamica for these 40 strains, we analyzed a partial 16S ribosomal DNA sequence using the RIDOM database (Harmsen et al., letter, 1999). More than 97% identity to the RIDOM database sequence of the N. lactamica type strain, DSM 4691, was defined as a prerequisite for inclusion of a strain in the study. Partial 16S ribosomal DNA sequence analysis showed that the 16S ribosomal genes (positions 52 through 509) of 10 of 40 strains were more related to Neisseria cinerea than N. lactamica (96.8 to 99.1% identity to the N. cinerea 16S ribosomal gene). The 16S ribosomal genes of four further strains showed less than 97% identity to the 16S ribosomal gene of the N. lactamica type strain included in the RIDOM database. Therefore, 26 strains were finally used for genotyping ( Table 2 ). These strains were collected within a period of 1 month (21 February through 23 March 2000) .
Genotyping of the argF, recA, and rho genes. To assess the genetic variability of epidemiologically related N. lactamica strains, we sequenced internal fragments of the argF, recA, and rho genes in addition to the 16S ribosomal gene (28) . The analysis of the 16S ribosomal gene indicated a high degree of variability, with 10 alleles among 26 strains (Fig. 1) . Sequenc- ing an internal part of argF yielded five alleles. One out of eight polymorphic sites in argF had a nonsynonymous mutation leading to a conservative amino acid substitution (valine to isoleucine). There were nine unique alleles of rho with only synonymous polymorphic sites. We found eight alleles of the recA gene. A total of 24 mutations resulted in two changes of the deduced amino acid sequence; again valine and isoleucine were exchanged. Taken together, the data showed that a high degree of genetic variability could be shown by the use of four genes (argF, recA, rho, and 16S ribosomal DNA). Therefore, we decided to define GT on the basis of these four genes. Table 2 demonstrates the GT in relation to social groups. The linkage distances of the GT are demonstrated by UPGMA analysis in Fig. 2 . The branching of the tree shows the high level of discrimination achieved by genotyping. Twelve GT were unique in the 26 strains analyzed. Five of 17 GT, (i.e., GT1, GT2, GT5, GT7, and GT16) occured more than once. Of those, GT1 was restricted to kindergarten 1 in Augsburg, i.e., groups 4 (three isolates) and 6 (one isolate). GT2 occurred in Augsburg primary school 1, i.e., groups 1d (two isolates) and 4b (one isolate). GT5 was restricted to kindergarten 2 in Ingolstadt, and GT7 and GT16 occurred in different institutions. GT16 was the only GT which was found in two different towns. In order to distinguish strains with the same GT, an internal segment of the porin gene (9, 33) was additionally sequenced in 23 of the 26 strains. The segment covered the coding sequence of amino acids 123 through 246 of the N. lactamica porin (GenBank accession no. X65533) (33) . This fragment included the sequences encoding surface-exposed, variable loops IV and V of the N. lactamica porin, as defined by Derrick et al. (9) and partially contained loops III and VI. Since the porin is under immune selection, the sequences could be predicted to be more variable than those of the housekeeping genes of our original genotyping system. Accordingly, nonsynonymous mutations (n ϭ 11) were found exclusively in these surface-exposed loops. We found a total of 11 alleles with respect to the DNA sequence of the porin gene fragment. We wondered whether strains with the same GT harbored identical porin gene sequences. All four strains with GT1 carried porin allele 1. Both GT5 strains carried porin allele 3, both GT16 strains carried allele 8, and all three GT7 strains carried allele 9. One of three strains with GT2, which comprised alleles 4 and 7, could be distinguished from the remaining two strains by porin gene sequencing. Taken together, porin sequencing distinguished on a clonal level only one of five N. lactamica GT carried by more than one strain. This finding suggests that a sufficient degree of discrimination was already achieved by sequencing argF, rho, recA, and 16S ribosomal DNA, and the porin gene was thus not included in the genotyping system. Recombination in N. lactamica. The four genes sequenced in this study were analyzed for recombination by two different methods: split decomposition analysis (1) and the homoplasy test (27) . Split decomposition has been used extensively to analyze the population structures of both bacteria and viruses. Because this method does not make the a priori assumption that the sequences have a tree-like structure, conflicting phylogenetic signals in the data such as evidence of recombination can be visualized, leading to the generation of an interconnected network rather than a tree. Split graphs for the N. lactamica sequences are shown in Fig. 3 Except for argF, split graphs of all genes showed a complex network, consistent with recombination. This result could be confirmed by calculation of homplasy ratios for recA and rho. Homoplasy ratios indicate the frequency of recombination. A freely recombining organism, in which all polymorphic sites are in linkage equilibrium, theoretically exhibits a homoplasy ratio of 1.0; in a nonrecombining, clonal organism, the expected homoplasy ratio is zero. Helicobacter pylori, for example, exhibits the highest homoplasy ratio known, with a mean value of 0.85 calculated for three genes; the value was only 0.34 for meningococci (reviewed in references 29 and 30) ( Table 3 ). The homoplasy ratios (Table  3) for N. lactamica calculated in this study were 0.69 and 0.54 for recA and rho, respectively. Our findings therefore show that in N. lactamica recombination occurs frequently. Homoplasy ratios were higher than those previously reported for meningococci, which may indicate either that recombination occurs more frequently in N. lactamica or that recombinant genotypes are purified less efficiently from the population. K A and K s values, which represent the frequencies of synonymous and nonsynonymous changes per synonymous or nonsynonymous site, respectively, were rather low for all genes analyzed in this study (Table 3 ) compared to the values published for meningococci and H. pylori (30) . However, this might be explained by the rather small number of alleles tested in this study.
DISCUSSION
There have been numerous reports illustrating that commensal Neisseria spp. are involved in horizontal gene transfer 1297-1298, 1996) . N. lactamica is a commensal species of considerable epidemiological importance, because there is evidence suggesting that colonization with N. lactamica protects children from meningococcal infection (7) . The population structure of this species has not been analyzed yet. The recent reports on recombination in N. lactamica suggest that the genetic variability of N. lactamica is driven by recombination (28) . However, that study used only six N. lactamica strains obtained from sources in Sweden, the United Kingdom, and Canada (2).
Our present study was aimed at elucidating the genetic variability of N. lactamica strains from epidemiologically linked individuals. We used a genotyping system based on a set of four genes (28) and showed that this system has a satisfying degree of discrimination between strains. Seventeen GT could be defined. Sequencing the porin gene did not add significant information to the typing scheme. The epidemiological analysis of the GT suggested clonal spread within social groups of children, but it was very unusual to find identical isolates in two epidemiologically unrelated hosts. This conclusion is best illustrated by the fact that only one of 17 GT was found in two different towns. Analysis of homoplasy ratios of the recA and rho alleles as well as split decomposition analysis of 16S ribosomal RNA, recA, and rho showed frequent recombination in N. lactamica, and the observed homoplasy ratios were higher than those previously reported for meningococci. While the comparison of recombination frequencies in different species by means of homoplasy ratios has to be interpreted with some caution, our data nevertheless suggest that frequent recombination diversifies N. lactamica and that efficient purification mechanisms (e.g., sequential bottlenecks) eliminating new variants from the population are lacking. Clonal spread seemed to occur if close contact between carriers existed. It is impos- GENETIC DIVERSITY OF N. LACTAMICAsible to explain the epidemiological basis for the maintenance of a high level of genetic variability in N. lactamica due to a lack of epidemiological and experimental data. A variety of issues, therefore, will have to be addressed. The mean duration of carriage of N. lactamica in an individual host is unknown, and it is unclear how effectively N. lactamica is transmitted between hosts. Future experiments should, furthermore, analyze the accumulation of genetic variability within a host during carriage and assess the velocity of microevolution during spread of a clone in a community. It was recently shown that the 16S ribosomal gene of N. lactamica is subject to recombination (28) . Consistent with this finding, we could detect 10 alleles of the 16S ribosomal gene in 26 strains, with evidence for extensive recombination. Furthermore, our initial process of strain selection for this study revealed that a considerable number of GGT-negative isolates utilizing lactose carried 16S ribosomal sequences related to N. cinerea. Although recombination within the rrn operon has also been demonstrated for other bacterial species (32, 34) , our findings illustrate the difficulties of species identification by 16S ribosomal DNA sequencing in frequently recombining bacteria. We suggest that molecular diagnosis of such species should include sequencing complete genes of both the 16S and the 23S ribosomal DNA. Furthermore, the ribosomal DNA sequences have to be examined for mosaic structures evolved by recombination.
In conclusion, our study illustrated genetic diversity in N. lactamica, which is driven by recombination. The knowledge of the population structure of N. lactamica should help to define those clones and strains of N. lactamica which induce natural immunity against meningcoccal disease and those which do not. Such investigations will be of importance for the development of live vaccines against meningococcal disease based on apathogenic species such as N. lactamica. a Freely recombining organisms, where all polymorphic sites are in linkage equilibrium, theoretically exhibit a homoplasy ratio of 1.0, whereas completely clonal organisms would give rise to a homoplasy ratio of 0.0 (27) .
b N.D., not done. The homoplasy test (27) could not be applied to argF and the 16S ribosomal DNA gene because at least six alleles are required to perform the test and because the HOMOPLASY program only works with protein-encoding genes.
